The paper addresses the problem of estimating future stand development in heterogeneously structured forests in Sweden; specifically, multi-layered spruce stands and mature pine stands with advanced spruce undergrowth. We first introduce various supporting concepts and models with their empirical databases, model validation and constraints. Secondly, Swedish single-tree growth functions designed for more heterogeneously structured forest are tested using data from inventory plots, a thinning experiment in an uneven-aged forest stand, and yield plots in pristine forest. Future growth of a managed, multi-layered forest was simulated and is compared with other selected functions. Simulation results, expected errors and time constraints are discussed. For most models, projected stand basal area growth deviated 10-20% from the observed growth in individual stands. In single stands, the deviation ranged from 0 to 60%. Validation periods were often 5-15 years, sometimes even more than 30 years. For Swedish single-tree basal area growth functions, on average, a 5% overestimate was found for heterogeneously structured forest across Sweden. Observed growth in a boreal single-tree selection forest was underestimated by 12.5% fifteen years after thinning from above.
JOURNAL OF FOREST SCIENCE, 59, 2013 (11): 458-473 The Swedish University of Agricultural Sciences has developed free software for forest management planning and analysis, with particular focus on multi-purpose forestry (the Heureka system), including management of heterogeneously structured stands. The software package is divided into three main applications: an interactive stand simulator, an optimization tool for long-term forest planning at the landscape level, and a simulator for regional analyses. The system includes empirical models for growth projections and the simulation of treatments, and also procedures for estimating recreation values, carbon sequestration, and habitat suitability (Wikström et al. 2011) . At the core of the system are single-tree growth functions developed for management purposes by Söderberg (1986) and Elfving (2004) . At the stand level, the simulator StandWise can be used for projections of future forest stand development (Fig. 1) .
The Heureka system is commonly used by forest planners, consultants, and researchers; mainly at scales above the single-tree level. However, with its single-tree growth functions, the system provides a tool to compare future stand development if alternative methods to clearfelling are applied, i.e. target diameter cutting. In Heureka StandWise, users can enter tree characteristics such as species, diameters and site variables when running stand simulations. They can even specify whether or not the stand is even-aged (Wikström 2007) . If the stand is considered uneven-aged, functions for uneven-aged forest are used to estimate the growth of single trees. However, the simulation results are more difficult to interpret than for typical evenaged pine or spruce stands.
Generally, models are simplifications of the real world and simulations include uncertainty. In addition, when applying forest growth models with alternative management scenarios for decision support, extrapolation can occur. The extrapolation capability can be higher for general stand growth projections, while it can be more limited for single-tree dependent projections or other long-term sustainability assessments. The purpose of this paper is to explore stand and single-tree growth validations of selected models to assess the reliability of projections for heterogeneously structured stands over different time periods. Since both validation and documentation of growth in heterogeneously structured forests is very limited in Sweden, we also looked over models developed in surrounding countries. The goal of the study was to estimate the length of time over which stand growth models were applicable when simulating future stand growth, harvest or target diameters in multi-layered forest types. Therefore, we address the following questions in the first part of the paper:
-what is a typical validation period for forest models parameterized for Scots pine and Norway spruce stands regardless of the stand structure and mixture?
-what types of forest and data have been selected for parameterization and validation?
-how accurate are the projections in general?
We did not try to identify the best modelling approach, but strived to explore the range of possible errors when applying the Standwise simulator in heterogeneous forest. We then estimated the range of errors for particular forest types, based on the few existing observations and model comparisons. It was hypothesized that (i) the prediction of stand basal area growth over 50 years involves errors larger than 10% for single multi-layered stands. We also hypothesized that (ii) future tree removals based on target diameter cutting according to predicted diameters in 25 years involve errors of 10% (in terms of removed tree number). To demonstrate how simulation outcomes can be interpreted, the single-tree growth functions for uneven-aged forest were used to predict the future development of a multi-layered stand in southern Sweden.
One aim, here, is to share our experience of applying the Heureka system in forestry practice to assess target diameter cuttings. Future possible developments of the system or ways to complement it with alternative model approaches are also addressed. The tentative validation results were presented and discussed at the annual meeting of the Ertragskunde section of the DVFFA (German Union of Forest Research Organizations) 2013 in Rychnov nad Kněžnou, Czech Republic.
MATERIAL AND METHODS

Typical forest types with a multi-layered stand structure in Sweden
Most Swedish forests are located in the boreal vegetation zone, as part of a transition to the temperate forests in southernmost Sweden (Ahti et al. 1968; Bohn, Weber 2000) . Planting after clearfelling and natural regeneration by seed-trees are the dominant regeneration methods on productive forest land (increment > 1 m 3 ·ha -1 ). Only 10-20% of the productive forest in northern Sweden and 1-2% in southern Sweden has been classified as "forest with continuous tree cover", which has been described as forest with very rare standreplacing disturbance regimes (Axelsson et al. 2007 ). Lundström (2008) identified 0.6 million ha of spruce-dominated forest on mesic and fertile sites with stand structures classified as "not evenaged" (according to the Swedish National Forest Inventory -NFI; Ranneby et al. 1987) . Apart from various definitions used by previous authors, Table 1 explains the term "uneven-aged" a bit more as it is used in this paper. In southern Sweden, Drössler (2010) classified 0.9 of 5 million ha of forest as pinespruce mixtures, half of them older than 80 years and presumably containing a considerable proportion Fig. 1 . User interface of StandWise (example with stand map, 3D view, a table with selected stand characteristics, basal area development over time, and a list to select one stand or several sample plots to define the treatment unit) of mature pine with younger, naturally regenerated spruce trees. Two-layered birch-spruce mixtures were not considered in the category of multilayered stands because they are mostly even-aged and will develop a uniform stand layer (Mård 1996) . The proportion of beech forest was too small to assess, both as pure stands and in mixtures (Drössler 2010) . The proportion of oak in hemiboreal forest mixtures is higher than that of beech (Drössler et al. 2012a ), but spruce is a successful competitor. Nevertheless, there is a certain potential for oak to grow under pine shelter, but only 0.4% of forests (equal to 20,000 ha) were estimated to be pine-oak mixtures in Götaland (Drössler 2010) . Therefore, our main focus was on two forest types: pure, uneven-aged spruce stands and mature pine stands with advanced natural regeneration of spruce. Both forest types were considered by the authors to be suitable for continuous cover forestry, in line with ecological theory and experiences in forestry practice.
Selection of concepts and models which might
help to assess the future development of multi-layered spruce and pine-spruce forest in Sweden
The forest data used to parameterize and validate silvicultural and ecological models and concepts from Sweden and the neighbouring countries were assessed and summarized. In addition, Swedish growth models designed for even-aged stands were examined, because they provide valuable information under certain conditions (e.g. growth of old pine trees). Growth models from other countries for even-aged stands (i.e. Hynynen et al. 2002; Andreassen, Tomter 2003) were not considered, because Swedish models for even-aged stands were found to be reliable (Ekö 1985; Söderberg 1986; Fahlvik et al. 2013) . One exception was the singletree model of Nagel et al. (2006) from Germany, because it has been used to estimate and compare the future development of even-aged stands after target diameter cutting and under different silvicultural strategies (Duda 2006) . During the literature search, the Austrian simulators MOSES and PROGNAUS, and a Belgian succession model (able to track different silvicultural pathways) also appeared to be relevant because they were parameterized and designed for heterogeneously structured forest containing the tree species we were interested in.
In addition, the ingrowth model by Wikberg (2004) that is currently in use was included, as well as the Finnish ingrowth model by Pukkala et al. (2009) for "uneven-sized" forest stands. Mortality models were not explored. The models by Ekö (1985) and Söderberg (1986) included mortality.
Model tests and evaluation
The two terms parameterization and validation were used according to definitions given by Kimmins et al. (2010) . They are understood in terms of evaluating whether the output of a forest management model is useful for the intended objective. Validation tests whether the conclusions drawn on the basis of the model can be confirmed by independent data (Kimmins et al. 2010 ). In our study, validation was limited to independent observations in forest stands or forest inventory plots, while model components (i.e. growth response to temperature) were not considered.
Among the models parameterized under Swedish conditions, projections of single-tree growth functions for a multi-layered forest were compared with 15 years of observations in a managed and an unmanaged uneven-aged spruce forest. Later, the functions were also applied to simulate the development of a multi-layered pine-spruce forest. Based Table 1 . Clarification of the terminology used in this study.
Heterogeneously structured forest
Homogeneously structured forest uneven-aged forest under quasi-equilibrium conditions uneven-aged, multi-layered forest Even-aged stands with a single stand height layer (i.e. Nilsson et al. 2010 ) and uniform shelterwoods (i.e. Holgén et al. 2003) Single-tree selection forest (i.e. Lundqvist 1989) and pristine forest i.e., stands managed by target diameter cutting (i.e. Drössler et al. 2012b) , irregular shelterwoods and group selection we distinguish between uneven-aged stands under equilibrium conditions (= "uneven-aged") and other types of uneven-aged, multi-layered stands (= "multi-layered"). Both types of stands are included in the classification "heterogeneously structured" forest, which is distinct from even-aged stands with a single tree layer on a literature review and model assessments, reasonable time periods for simulating stand growth and structure were suggested. Possible and reasonable ranges of errors were considered. We used the validation criteria for models intended for predictive and decision-making processes according to Kimmins et al. (2010) to assess stand growth and single-tree growth predictions. Thus the following points were investigated or discussed: (1) the accuracy of predictions obtained from the model; (2) the quantitative correspondence between the behaviour of the model and the behaviour of the real forest; (3) the model usefulness; and (4) whether the accuracy of the model predictions is sufficient for the intended use.
RESULTS
Overview of concepts and models applicable to multi-layered coniferous forest types
Nineteen concepts and growth models were found to be relevant for estimating the future development of heterogeneously structured coniferous forests in Sweden (Fig. 2) . Nine concepts and models were developed outside the country, of which five were designed for temperate regions. Five Swedish models and one German model were developed for even-aged stands. Fig. 2 gives an overview of the models, with the maximum time horizons applied in projections, and time periods used for parameterization and validation. The conceptual approaches consider fairly long time horizons, but are not parameterized by data. Instead, they are based on expertise (i.e. Engelmark, Hytteborn 1999; Larsen 2005 ). The longest model projections cover several centuries and estimate tree species composition or forest types (Fig. 2) . Most ecological concepts, matrix and processbased models predicted an increase in spruce under continuous cover or close-to-nature forestry (Engelmark, Hytteborn 1999; Bollandsås 2007; Jönsson, Lagergren 2012) . Two models predicted an increase in broadleaves: the first is a succession concept from Belgium; the second excluded, theoretically, any human influences in the future, and forecasted a replacement of spruce by beech, ash and oak in central south Sweden (Hickler et al. 2012 (Jönsson, Lagergren 2012 ). The matrix model from Norway for forecasting tree species gave similar predictions, but for longer time periods. Growth models applied in forest management usually project basal area (BA), tree numbers, or tree volume by species. For even-aged forests, they often cover one rotation cycle, but exclude the initial stages (the first 10-20 years). Two models for even-aged stands were validated using independent data from the first thinning to the end of the rotation (Ekö 1985; Söderberg 1986 ). The singletree model for even-aged stands by Elfving (2004) was compared with 30 years of observations from long-term thinning experiments across Sweden (Nilsson et al. 2010; Fahlvik et al. 2013) . Typical validation periods of single-tree growth models are 5-15 years (Sterba, Monserud 1997; Schmidt, Hansen 2007; Elfving 2009 ). Simulation periods longer than 30 or 40 years are not often recommended for individual tree models (Hasenauer, personal communication; Nagel et al. 2006 ). However, the Finnish model by Pukkala et al. (2009) was used for simulations over 100 years. The two Finnish matrix models for predicting the future stand structure in particular stands using transition probabilities between different tree size classes (Kolström 1993; Tahvonen et al. 2010) were also designed to cover the whole rotation period.
Description of parameterization and validation data
Information on the parameterization and validation data for the selected models is summarized in Table 2 . Most of the validations of growth models showed that stand BA projections usually differ 10-20% from observations in particular stands. But conceptual design and data can vary considerably between models. All stand-and single-tree models from the Nordic countries in Table 2 were parameterized with data from National Forest Inventories (NFI) with systematic forest samples. According to Gadow (2005) such large-scale inventories cover a broader range of site conditions and stand structures than experimental plots. The German model BWinPro was parameterized with data from long-term experimental plots. The number of multi-layered forest stands is rather limited with respect to the data used for parameterization, both for the Nordic and the other models. One interesting exception is Pukkala (2009) , who parameterized his model with data from experiments with "uneven-sized" trees and old NFI data originating from a time when multi-layered forest was more common. Hasenauer (1994) and Sterba and Monserud (1997) developed age-independent growth models suitable for mixed or uneven-aged stands in Austria. The latter model over-and underestimated BA growth in mixed pine-spruce stands by approximately 15% during three consecutive 5-year periods. The single-tree model by Hasenauer (1994) includes tree crown parameters and competition indices to reflect silvicultural interventions. It gives reasonable results for future stand BA (0-15% differences over 20 years in different forest districts covering several hundred hectares, as reported by Thurnher et al. 2011 ) and can estimate mean DBH and its standard deviation in uneven-aged forests (Hallenbarter et al. 2005) . Even so, a particular old pure spruce stand 100 km outside the parameterized geographical range with a shifted observation period had 20% higher diameter growth in five years than expected (Hasenauer 1994) . However, no general conclusions can be drawn from single observations. The Finnish stand simulator MOTTI (Hynynen et al. 2002) for even-aged stands overestimated growth in very old stands (Hynynen, personal communication) . Meanwhile, the oldest thinning experiment in south Sweden (stand age 135 years) still has a current mean annual increment as estimated for the whole rotation period of 70 years (Ekö, personal communication) . Such results highlight the difficulties in predicting growth in mature forests.
The data used for parameterization and calibration of the models for multi-layered forest do not allow us to distinguish between single-tree selection stands close to equilibrium conditions and heterogeneously structured stands originating from other types of selective cutting (e.g. shelterwood, target diameter cutting). In general, growth models designed for multilayered stands are no less validated than models for even-aged stands, but different types of forest structure and species composition can easily outnumber the validated types of multi-layered forest.
Ingrowth
The ingrowth is the weakest component in many growth models designed for multi-layered stands (Hasenauer 2006; Pukkala 2009 ). Wikberg (2004) used information about new trees found on re-measured NFI plots, whilst Pukkala (2009) examined Table 2 . Concepts and models presented in Fig. 2 Lähde et al. 2002) . Preliminary models to explain the large variation of small trees were developed by Eerikäinen et al. (2007) in Finland using mixed-effects models with components for spatial measures. Even specific process-based models might help to characterize variation better in the future.
Growth models parameterized under Swedish conditions
Conventional Swedish growth functions. Two of the most widely applied and validated growth models in Sweden were developed by Ekö (1985) and Söderberg (1986) . The first represents stand growth in 14,000 temporary NFI plots across all typical Swedish forest types measured between 1973 and 1977. Initial state and growth were reconstructed using increment cores from sample trees. To project future stand BA, the model requires species-specific initial stand BA, stem number and age at breast height, in combination with latitude, altitude, climate zone, site index, field vegetation type and soil moisture class as site variables (Ekö 1985) . The model was designed to provide estimates of stand BA and volume in an even-aged, pure and mixed forest under different thinning regimes (0-40% removals, thinning from above and below). The validation using 363 permanent experimental plots of pure pine and spruce stands with different thinnings revealed 13% overestimation of BA growth for pine (especially in old stands) and 3% underestimation for spruce. The measurement period was, on average, 50 years and no systematic trend over time was observed. The model was validated with well managed research plots and differences of 7 to 33% in total growth after 40-70 years were found (Ekö 1985) . In addition, the extensive data set demonstrated up to 50% deviation from projected growth for single plots (plots with old and mixed forest; Ekö 1985) .
At the same time, a stand growth model for mixed forest stands (Agestam 1985) was developed which was parameterized on the basis of tree cores from temporary plots and validated with data from permanent plots. Agestam (1985) reported only small differences from the average yield of pure pine and spruce stands and confirmed projections made by Ekö (1985) . Söderberg (1986) , for his single-tree model, used the same data set as Ekö (1985) but included single-tree information. He selected a smaller number of plots for validation, but was, therefore, able to predict stand BA growth more precisely: the annual BA growth projections deviated by +11 to -26% for 44 years of observations in 18 permanent plots, residuals (obs/est) were -4.2 ± 11.8 %. The parameterization data used by Ekö (1985) and Söderberg (1986) also contained a considerable proportion of stands managed by selective fellings, the traditional harvesting method before clearfelling became dominant in the 1950s (see Pukkala 2009 , who used Finnish NFI data from 1951 -1955 to parameterize his model for an uneven-sized forest; see also Elfving, Tegnhammar 1996) .
Two decades later, new single-tree and stand growth functions were developed by Elfving (2004) on the basis of ca. 18,500 permanent NFI plots laid out in the period 1983 -1987 and re-measured in 1988 -1992 . Like Ekö (1985 and Söderberg (1986) , the NFI data represented both even-aged and more heterogeneously structured forest. Since 1983, plots have been classified as even-aged and uneven-aged (where the latter was defined by > 20% of volume not allocated to the dominant age class; class width 20 years; 27% of plots were classified as uneven-aged according to the definition used in the inventory). However, plots of both classes were used together to parameterize a single function per species to estimate single-tree BA growth (Table 3 ). In Heureka, the single-tree growth function is controlled by a stand-wise BA growth function which was derived from the same data set (Elfving 2005) . Since forest growth was higher than usual during the observation period, the measured increment was corrected specifically to tree species and to regional year ring indices based on tree core samples from the NFI plots (Elfving 2004) . Important variables used in these single-tree BA growth functions were tree diameter and tree age, especially for spruce, pine and birch. For pine and spruce, the site index and temperature sum were also important (Elfving 2004) . Site index was calculated based on site factors (Hägglund, Lundmark 1977) .
Both the new and Söderberg's (1986) functions were implemented in the Heureka package and can be selected separately for simulations. Recently, these functions have been validated with data from 1711 permanent NFI plots covering 5-year periods during the interval 1999-2007 and with 277 permanent plots in a thinning experiment followed for an average of 30 years (Fahlvik et al. 2013 ) and compared with functions by Ekö (1985) . For the NFI data, BA increment could be projected satisfactorily by all models (except the general underestimation at very high BA levels). Single-tree projections had a tendency towards overestimation, especially for unthinned stands. In general, basal area growth was 5% overestimated for the test data set; the residual variation had a magnitude of 0.22 for evenaged and 0.23 for multi-layered plots. The growth of small trees was overestimated more than the growth of large trees. Within the thinning from above treatment, the smallest spruce trees grew ca. 0.6 mm less per year than estimated. Large spruce tree growth was overestimated by ca 0.3 mm per year on average (Fig. 3) . The large variation seen in Fig. 3 at the end of the observation period was caused by a lower tree number. Projections for pine were more accurate, overestimating diameter growth of the largest trees by less than 0.1 mm per year.
Swedish growth functions designed specifically for uneven-aged stands. Tree age was an important independent variable in the growth functions of Elfving (2004) described above. Additional functions have been developed to estimate the age at breast height for single trees, separately for evenand uneven-aged forests (Elfving 2003) . The functions were based on sampled cores from trees in NFI plots. For multi-layered forest, 9,262 trees were used to derive two single-tree age functions (R 2 = 0.66): One function used the basal area weighted mean age as an independent variable, the other one did not use this parameter.
Therefore, two different types of growth functions for multi-layered forests exist. While the first function is the same as that used for even-aged stands (but uses a different age function parameterized by tree cores from uneven-aged forests), the second growth function is stand age-independent and designed for uneven-aged forests only.
The basal area growth functions were parameterized with ca 50,000 trees in multi-layered NFI plots (Table 3) . While the functions predict mean BA growth very well (error of predicted basal area = 1 cm 2 , which is much less than 1 mm of diameter in five years), the variation in tree growth is not fully reflected (i.e. spruce, 26 cm 2 standard deviation of predicted basal area increment compared to an observed value of 42 cm 2 , Table 4 ). Both natural variation and measurement errors can be assumed to cause the large variation.
Tests on data from long-term yield plots indicated that the growth functions did not work well over time when used without stand age as a variable. For this data, for instance, it was necessary to include mean stand age. A residual analysis indicated that the mean age should be reduced by 10% in multilayered stands to predict growth. In this case, no systematic deviation was found between plots classified as even-aged and "uneven-aged".
Estimated and observed increment in unevenaged stands. The growth functions for multi-layered forest using mean stand age were tested with 15 years of observations from an uneven-aged spruce stand in Central Sweden (Elfving 2009 ) managed by single-tree selection (Lundqvist et al. 2007 ). The initial diameter distribution was characterized by a large number of small trees (on average 500 trees·ha -1 Table 3 . Number of trees used for the parameterization of single-tree growth functions by Elfving (2004) Tree species In even-aged plots
In uneven-aged plots Table 4 . Mean, standard deviation and extreme values of observed 5-year basal area increment (cm 2 ) of trees in multilayered plots, and the increment predicted using an estimated mean stand age (Elfving 2004) with 5-10 cm DBH), a pronounced exponential decrease in tree numbers, and about 50 cm DBH maximum. The model underestimated basal area growth by 12.5% after harvest of the largest trees (Elfving 2009). In the control treatment with no thinning, growth was underestimated by 4%. For small trees with 5-10 cm DBH, the observed values were 20-50% higher than expected (Elfving 2009 ). Another test was undertaken involving 14 yield plots in pristine forest reserves followed over 16 years. The reserves were described by Linder (1998) . The test showed that increment was underestimated by 5% on average, while 2/3 of the variation in singletree growth could be explained by the model (Elfving 2006) . However, these two tests in unevenaged forest do not allow us to draw a final conclusion. For instance, a preliminary comparison with the most recent 20-year observation period indicated greater underestimates in the selection forest stand (Elfving, personal communication) . More unreliable than stand growth projection was the estimation of future tree diameters. Observations were much more variable than projected by the model, ranging from 50 to 200% of the projected singletree diameters after 15 years (Fig. 4) . In addition, underestimation can occur, as mentioned earlier (Fig. 3) .
A third test was carried out to compare estimates of Swedish growth functions with each other in a multi-layered forest in southwest Sweden managed by target diameter cutting. The stand was located on a mesic site, with ground vegetation dominated by Vaccinium myrtillus and a podzolic soil developed over sandy moraine. Tree diameters were measured before cutting in systematically distributed plots covering 1.5 ha. No tree coordinates were recorded. The stand was characterized by a 95-year-old Scots pine overstorey and naturally regenerated Norway spruce trees in all height classes (Figs 5 and 6 ). In addition to spruce, a considerable number of Sessile oaks were present in the lower stand layers. Drössler et al. (2012b) provided a detailed description of the stand, harvest method and simulation approach.
In the first step, stand BA growth without management was projected using different functions. Using a mean stand age of 70 years (based on the recorded age of pine trees and estimates from counting spruce whorls) as an additional independent variable gave similar results to those achieved using the function without stand age. Using stand ages of 60 and 80 years resulted in a range of BA values from 52.5 to Fig. 3 . Residuals between the observed and estimated diameter growth of single spruce and pine trees treated by thinning from above in long-term experiments across Sweden (residuals were analysed in four relative tree size classes with 25% of trees in each class, referring to the diameter at the start of the simulation) Fig. 4 . Single-tree basal area increment in one plot of the pristine forest after 15 years [triangle -spruce, squarepine, circle -birch, lines indicate the relationship between diameter and increment calculated using the tree speciesdependent growth function with basal area weighted mean stand age as an additional parameter, which was calculated from single-tree ages estimated by age functions from uneven-aged forests (Elfving 2006 (Fig. 7) . The difference is equal to 10% of the projected growth.
In the second step, the single-tree growth functions by Elfving (2004) , which would be equal to 9-25% of BA before harvest.
The projected diameter distribution in 25 years ( Fig. 9 ) had fewer trees than today in many DBH classes. The relative proportion of pine trees will decrease and oak trees can be expected to grow more slowly than spruce trees. Fig. 3 indicates that the growth of large trees can be overestimated. Assuming an annual overestimate of 0.3 mm diameter growth for the largest trees, the trees would be 0.75 cm thinner than expected after 25 years. This would result in 5-10 trees·ha -1 fewer than the predicted harvest of 120 trees·ha -1 in the simulation example (Fig. 9 ). In addition, projected diameter distributions cannot be expected to reflect the large natural variation in actual single-tree growth (as demonstrated by the two documented examples in this section) and ingrowth. This larger variation in single-tree growth than predicted causes errors which are very difficult to assess. If a similar variation in single-tree growth occurred in the simulation example as that observed in the pristine forest, a tree with 20 cm DBH could grow to any DBH between 25 and 40 cm, compared to 30 cm as projected. In the best case, the error would lead to an underestimate of harvestable trees which could counterbalance their overestimated number caused by diameter growth overestimation. On the other hand, fairly large errors are possible when one or two target diameter harvests are simulated. 
DISCUSSION
Conclusions from the very few tests carried out in this study can be only tentative. Over all the models, the validation for multi-layered stands was limited (also due to the variety of possible forest types). At the stand level, 10-20% growth deviation from predicted values was not unusual. In single study plots, the observed deviation could be close to 0 or even amount to 50% of estimated growth. While whole stand models are more robust (Vanclay 1994) , simple growth estimates for a single tree are hampered by the large natural variation in individual tree growth. Therefore, growth estimates for a particular tree size class may involve large errors. On the other hand, single-tree models have a better ability to represent complex forest structures and selective cuttings in the long run (Weiskittel et al. 2011) .
In general, if simulation periods are longer than validation periods, the reliability is expected to decrease due to inherited errors from previous simulation steps and uncertainties associated with extrapolation. Larger errors can occur with an increasing heterogeneity of forest structure in the long run. Originally, we hypothesized that (i) the prediction of stand basal area growth in multi-layered stands over a period of 50 years involves errors larger than 10% for single stands. This hypothesis was not disproven by our tentative results. Using Elfving's (2004) single-tree model, we found a 12.5% underestimate of growth for a single stand just after 15 years. Validations of other models suggested similar deviations, around 10-20%. This finding is not directly comparable to the tested model, but was a pattern repeatedly found in the forest models assessed. More validation of the tested model is required here.
We also hypothesized that (ii) future tree removals based on target diameter cutting according to predicted diameters in 25 years involve errors of 10%. This hypothesis could not be tested satisfactorily using the few comparisons available from multi-layered forest. It seems unlikely that the slight overestimation of the average growth of large trees can be the main reason for imprecise projections. In our preliminary conclusion, the large variation in single-tree growth is the greatest uncertainty associated with predicting future tree harvest. Testing the model with even-aged stands suggested similar problems (Fig. 3) . When predicting the future stand structure, part of the unknown variation in single-tree growth can be hidden by using wider diameter classes (i.e. only four classes in total; see also Lundqvist et al. 2009 ). To overcome the modelling problem with increasing differences between observed and estimated diameter distribution ranges, a successive, small adjustment in the diameter class width in proportion to the unexplained growth variation might help. However, more comparisons with single-tree observations in multi-layered forests are necessary to assess the deviation better (see Albrecht et al. 2009 Albrecht et al. , 2012 . Additional sources of error can occur in association with the mortality and the ingrowth model used in Heureka (Fridman and Ståhl 2001; Wikberg 2004 ). Ingrowth does not substantially affect total growth during the first two decades in a simulation, but it is crucial when assessing the sustainable yield in the long run.
If mentioned at all, maximum simulation periods of 30-40 years were recommended for different single-tree simulators. Two studies suggested a possibility that quality forecast can be improved when stand-and single-tree-models are combined (Yue Hynynen et al. (2002) : the darker the background, the more reliable the model behaviour Fig. 9 . Projected diameter distribution after the second cutting in 25 years according to the model by Elfving (2004) for a multi-layered forest without stand age incorporated as a variable Elfving 2010) . The single-tree model by Elfving (2004) provided reasonable results for the 50-year simulation period considered. However, growth after the release of suppressed trees is inadequately reflected by the model. Eventually, particular trees could continue to grow as before cutting or respond according to their biological age. Eventually, the local experiences of the manager might provide a better picture of the development of those trees so far. If sustainability analyses of different silvicultural systems over time horizons longer than 50 years using the Heureka system are required, errors larger than 20% have to be considered. In that case, conceptual models might have a similar precision. Nevertheless, Heureka is used to forecast wood production, to plan forest operations, and to simulate silvicultural management alternatives. The use of such software is required for many reasons and seems to be inevitable (Wikström et al. 2011) . Therefore, expected errors and the range of possible errors for single stands should be highlighted when running the simulations.
Outlook. To improve predictions of future stand development, both databases and models should be improved. First, the existing data from observations of experimental plots should be used for wider validation. Results from spruce single-tree selection stands over several decades in central and northern Sweden (Lundqvist 1989) are particularly valuable. Other data collected over 1-2 decades are available for shelterwood experiments across Sweden (e.g. Holgen et al. 2003) and the "NaturKultur" trial with intensive removal of mature trees (Hagner 2004 ). Secondly, cross-validations with other models could be used to evaluate and improve predictions. In particular, combinations of different modelling approaches seem to be beneficial in the long run (see for example Matala et al. 2003; Pretzsch et al. 2008; Yue et al. 2008 ). In the Heureka system, stand growth and single-tree growth models are already combined, with the stand growth function controlling total growth of single trees. To reflect the growth of small or large trees better, spatial tree distribution or competition indices for single trees could be incorporated. The trees in uneven-aged stands released after thinning from above responded more slowly than trees in even-aged stands, but seem to reach a higher permanent growth level. They continued to grow like younger trees and this rejuvenation effect should also be included in the model. The Heureka system would even allow the implementation of such additional sub-models.
In general, growth projections for multi-layered stands should be independent of stand age to ensure that simulated growth rates are not forced to slow down over time. One problem with stand age is that it seldom increases by 5 years in a 5-year period. Old trees die and young trees grow into the tree layer. From that point, age is not an ideal variable for growth predictions. On the other hand, validation tests of the Swedish growth functions for multi-layered forests indicated that mean age should be included in order to stabilize the function (Elfving 2010) . At present, the age shift in uneven-aged stands is modelled in Heureka, but the models could certainly be improved. Considering the validation paucity, both types of growth model should be tested further in single-tree selection stands.
Management planning in Swedish forestry has a tradition of using stand-and single-tree models as applied in Heureka. While the development of Heureka strives for generalized models that can capture all forest types, every single model mentioned here has particular strengths, drawbacks, time horizons and resolution. To ensure application in forest practice and to avoid severe bias, a model needs to be tested against observed growth in forests on a representative base.
